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------------

The heritable nature of disease can be inferred from the structure of the within-family dependence in disease manifestation \[[@CR19]\]. For rare diseases, population-based cohort studies are inefficient and impractical, so response-dependent biased family designs are routinely employed to obtain enriched samples with higher representation of diseased individuals and more variation in genetic markers than would be seen in the unselected population. Much work has been carried out for the analysis of such data when the disease status is modeled as a binary trait. Conditional likelihood based on generalized linear mixed models can be used for dealing with the dependence of binary phenotypes within families \[[@CR3], [@CR4]\], or estimating equations can be formed by specifying marginal mean and dependence structures for the analysis of binary phenotypes from case--control family studies \[[@CR32]\].

The age of onset for many chronic diseases is highly variable, however, and simply using the binary trait of the disease status does not account for the variable times individuals have been at risk for disease in family studies. MacLean et al. \[[@CR21]\] and Shih and Chatterjee \[[@CR27]\] pointed out that, if information on the age of onset and the effect of censoring are not addressed, the estimators of the covariate effects on the disease process may be less efficient and the degree of familial aggregation may be underestimated. Models which consider the disease onset time distribution and measure dependence in terms of these times offer a preferable framework for analysis.

When interest lies in examining genetic association or gene-environment interaction, case--control or case-only family study are commonly used. Li et al. \[[@CR20]\], Hsu et al. \[[@CR15]\], and Shih and Chatterjee \[[@CR27]\] proposed likelihood methods based on disease onset time for case--control family study and Chatterjee et al. \[[@CR6]\] proposed methods to estimate the relative risk, cumulative risk, and residual familial aggregation for case--control family data and modified method for case-only family data. In their methods, modeling and estimation of the residual familial aggregation is key to adjustment for ascertainment bias, but this is done using an exchangeable dependence structure in which the association is the same for different pairs of relatives. Gorfine et al. \[[@CR14]\] use the frailty models to account for heterogeneity in familial risk, but pointed out that frailty-based methods may be affected by the uncertainty on the frailty parameter estimate.

In this article, we consider a simple family study, where an affected individual called a *proband* is selected from a registry of patients. Consenting family members (*non-probands*) of each proband are then recruited and examined to collect information on their disease status \[[@CR5]\]. Probands are given a special designation because their disease status led to the selection of their family. Under such sampling scheme, one obtains a right-truncated onset time for the proband and current status (type I interval-censored) data for non-probands \[[@CR28]\]. While work has been done on the analysis of multivariate current status data \[[@CR8], [@CR16]\], little has been done to our knowledge in the context of biased sampling schemes.

Insights into the genetic basis of the disease can be gained by comparing the strength of the association in disease status between pairs of family members with different kinships \[[@CR7], [@CR18]\]. More elaborate dependence modeling also plays a central role when studying the "parent-of-descent" hypothesis, where the primary goal is to estimate and compare the strength of father--child and mother--child associations in phenotype to elucidate the role of the sex chromosomes in disease transmission \[[@CR30]\]. With this in mind, we consider copula models \[[@CR22]\] as a basis for modeling the joint risk of disease among family members. The dependence parameters can be interpreted as reflecting "residual familial aggregation" that is not explained by covariates in the marginal models. Copula models have several advantages over frailty models. First, the marginal models still retain simple interpretation when using copula models, which is not the case under the frailty model. Second, copula models yield dependence measures which are functionally independent of the parameters in the marginal onset time distribution, so the marginal distribution can be specified in any desirable way. Third, the dependence measure is directly specified under the copula model which has clear meaning and it also provides a natural basis for regression of genetic effects, but the frailty models do not provide simple measures of within-family dependence and it is difficult to interpret the meaning of the dependence.

Analyses must address the biased sampling scheme employed in these studies. Likelihood contributions from each family which are proportional to joint probability functions for the phenotypes of non-probands *conditional* on the disease status of the proband will admit valid inference \[[@CR29]\] under correct model specification, but enumeration of all possible sample outcomes can be computationally demanding with large families. We develop a class of conditional second-order estimating equations in the spirit of Prentice \[[@CR25]\]. We use the term *conditional* to reflect the fact that moments in the second-order estimating equation are all conditional on the disease onset time of the proband. A supplementary estimating equation is incorporated to extract limited information about the marginal onset time distribution from the proband.

The University of Toronto Psoriatic Arthritis Family Study {#Sec3}
----------------------------------------------------------

The incidence of psoriatic arthritis (PsA) is reported to be between 0.3 and 1.0% \[[@CR9]\] and hereditary factors are thought to be important, as some studies have suggested that close blood relatives of individuals affected by psoriatic arthritis are at higher risk of developing the disease compared to the general population. Characterizing the within-family association nature and identifying important genetic risk factors are important to understand the disease etiology. Particular interest lies in assessing whether there is a higher rate of paternal, rather than maternal, transmission of the disease, which is also called "parent- of-origin" effect \[[@CR2]\]. A family study of psoriatic arthritis is conducted in the Centre for Prognosis Studies in the Rheumatic Disease at the University of Toronto. Probands were selected from the members of the University of Toronto Psoriatic Arthritis Registry, and their family members were recruited into the family study with their consent. A total of 169 two-generation families ranging in size from 2 to 7 individuals were recruited; 54 families were comprised of only one non-proband and 115 have more than one non-proband. The disease onset times were only available for probands, but for other family members only the disease status is available when they are examined, yielding current status data. In total 538 individuals are in the family study and only 194 (169 probands and 25 non-probands) were diagnosed with PsA. Except for the demographic data, information of some HLA markers is also available for individuals in the PsA family study. We focus on identifying the significant HLA markers for the psoriatic arthritis and characterizing the within-family association structure, also testing whether there is "parent-of-origin" effect for the psoriatic arthritis.

The remainder of this paper is organized as follows. In Sect. [2](#Sec4){ref-type="sec"} we define notation and formulate the conditional second-order estimating equation for family data under response-dependent sampling, which are a combination of right-truncated onset time from probands and current status data from non-probands. We consider an illustrative example in which the dependence structure is governed by a Gaussian copula and work with this model in subsequent calculations and simulations where we examine specific estimating equations involving different derivative matrices and working independence assumptions. In Sect. [3](#Sec8){ref-type="sec"}, we explore the asymptotic relative efficiencies and finite sample properties of estimators from several variants of the estimating equations introduced in Sect. [2](#Sec4){ref-type="sec"}; these results also permit sample size calculations for planning studies aiming to detect effects of genetic markers. The impact of misspecification of the dependence structure on properties of estimators and power of genetic tests is investigated in Sect. [4](#Sec11){ref-type="sec"}. An application to the motivating psoriatic arthritis family study is given in Sect. [5](#Sec14){ref-type="sec"} in which we assess the genetic basis of the disease. Concluding remarks are given in Sect. [6](#Sec15){ref-type="sec"}.

Conditional Estimating Equations Under Biased Sampling {#Sec4}
======================================================

Notation, Sampling, and Observation Scheme for Family Studies {#Sec5}
-------------------------------------------------------------

We consider the setting in which a registry of *M* individuals is created by selecting a random sample from a population, screening each individual for disease, and recruiting those found to have the condition of interest \[[@CR10]\]. If $\documentclass[12pt]{minimal}
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Classification of non-probands with respect to their disease status is made at the time of recruitment and clinical examination, yielding current status data. Let $\documentclass[12pt]{minimal}
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Second-Order Estimating Functions {#Sec6}
---------------------------------
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An Illustrative Dependence Structure Based on a Gaussian Copula {#Sec7}
---------------------------------------------------------------
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Relative Efficiency Under Particular Estimating Equations {#Sec8}
=========================================================

A Study of Asymptotic Relative Efficiency {#Sec9}
-----------------------------------------

Here we examine the asymptotic relative efficiency of four different conditional estimating equations as a function of the strength of the within-family association through the functions:$$\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"} shows the trends of asymptotic relative efficiencies of estimators under different conditional estimating equations as a function of the within-family association. It is apparent that the conditional estimating equations with full $\documentclass[12pt]{minimal}
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Here we conduct a simulation study to assess the validity and finite sample performance of these four conditional estimating equations for family data from response-dependent sampling. The parameter settings are the same as in Sect. [3.1](#Sec9){ref-type="sec"} and we let Kendall's $\documentclass[12pt]{minimal}
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When considering a more flexible marginal model with a piecewise constant (3 pieces) baseline hazard function, we set the cut-points at $\documentclass[12pt]{minimal}
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Impact of Misspecifying the Dependence Structure {#Sec11}
================================================

Limiting Bias Under Misspecified Conditional Estimating Equations {#Sec12}
-----------------------------------------------------------------

While standard GEE1 only requires correct specification of the marginal mean for consistent estimation of the marginal parameters, the conditional estimating equations require correct specification of the marginal distribution and the dependence structure for consistent estimation, even for the simplified conditional estimating equations G$\documentclass[12pt]{minimal}
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Power Implications of Dependence Structure Misspecification {#Sec13}
-----------------------------------------------------------

We next investigate the effect of dependence structure misspecification on the power of tests regarding covariate effects. Based on our previous findings regarding asymptotic relative efficiency and robustness, here we focus our attention on the preferred estimating functions G--W and G$\documentclass[12pt]{minimal}
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When the dependence structure is misspecified, the limiting value of estimators under the conditional estimating equations is $\documentclass[12pt]{minimal}
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Here we report on an asymptotic study to examine the effect of copula misspecification on the power. Assume that each family consists of two parents and two children, and the proband is randomly selected from the four family members. As before we presume that the families are recruited to the study only if $\documentclass[12pt]{minimal}
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Application to The Psoriatic Arthritis Family Study {#Sec14}
===================================================

Hereditary factors are thought to be important in psoriatic arthritis, as some studies have suggested that close blood relatives of affected individuals are at higher risk of developing the disease compared to the general population. Interest therefore lies in characterizing the effect of genetic markers on the risk of disease; we consider four human leukocyte antigen (HLA) markers reported in the literature as being associated with psoriasis or psoriatic arthritis including HLA-B8, HLA-B27, HLA-C6, and HLA-C12. Characterizing the nature of the within-family association structure can also provide useful insight into the genetic basis of the disease. Particular interest lies in assessing the "parent-of-origin" effect; preliminary evidence suggests that there may be a stronger risk of paternal transmission, over maternal transmission, of risk of disease; we refer readers to Pollock et al. \[[@CR24]\] for associated results based on binary analyses.

Here we consider an application to the motivating family study on the genetic basis of psoriatic arthritis conducted in the Centre for Prognosis Studies in the Rheumatic Diseases at the University of Toronto. One hundred and sixty-nine families composed of 2 to 7 members, including the proband, were recruited for study. The date of disease onset is available for probands from the clinic registry but only the disease status of other individuals is available when they are examined, yielding current status data. A Weibull model is adopted for the marginal distribution of the PsA onset time with survivor function $\documentclass[12pt]{minimal}
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Estimating functions have been developed to model the nature and extent of within-family dependence in disease onset times from family studies under response-dependent sampling. A novel aspect of this work is the formulation of the dependence measures on the basis of the disease onset time and the recognition that the available data on family members are handled more naturally as current status data rather than binary data. This approach utilizes all available data from probands and their relatives in assessing the association between age of onset and covariates and in evaluating the association structure of age of onset among family members. The biased sampling scheme typically employed in family studies is addressed by the use of conditional estimating equations where the conditioning event reflects the selection criteria. Several specific estimating functions within the class proposed are assessed in terms of efficiency and robustness; these results complement the standard results of second-order estimating functions since all moments in the proposed equations are conditional. We also outline how sample size requirements for family studies can be assessed based on this framework to ensure that power objectives are met. Code for solving the conditional second-order estimating equations ([1](#Equ1){ref-type=""}) and for obtaining the variance estimates of Sect. [2.2](#Sec6){ref-type="sec"} are available at Github https://github.com/Yujie-Zhong/CGEE2.

We have focused on the use of estimating functions for the analysis of family data in part because the likelihood can be challenging to compute when the size of the family is large. Nevertheless, some assessment of the loss of efficiency in comparison to this optimal approach would be worthwhile. The validity of the proposed conditional second-order estimating equations hinges on correct specification of the dependence structure, a requirement that is analogous to the need for correct specification of the mixing distribution in random effects models for data obtained based on a response-dependent sampling scheme \[[@CR23]\]. Assessing model adequacy is best done by testing for the need for model expansion; this could be carried out by testing the need for more cut-points in the baseline hazard function to accommodate a more flexible hazard function, or the need to test for a more general dependence structure. In the present setting, the dependence structure is most easily formulated by selecting a working copula model for the joint distribution of the onset times in the population. If this dependence structure is misspecified, inconsistent estimates are obtained, and we examine their consequences in Sect. [4](#Sec11){ref-type="sec"} to make recommendations on the use of a particular derivative and working covariance matrix. The properties of estimators under model misspecification can be explored using large sample theory \[[@CR31]\], but these will be influenced by response-dependent sampling schemes and so a more general study of the effect of misspecification in this framework represents an important area for further research.

We have restricted our attention to parametric models for the onset time distribution. Natural extensions would be to introduce non-parametric or semi-parametric methods for estimating the marginal distributions. In the latter case, one can look at multiplicative Cox models, accelerated failure time models, and Aalen's additive model, among many other methods. Joint estimation based on the most general conditional estimating equation can be challenging in this setting, but two-stage estimation procedures may be feasible; this is an area of current research. The preliminary work based on the piecewise constant baseline hazard model, however, suggests that studies may need to recruit a lot of families if the incidence rate is low to estimate the marginal onset time distribution. If the disease onset times are available for all or even some of the non-probands found to have the disease, these data could help in estimation; the estimating equations we present can be modified in this case to incorporate such data. Auxiliary samples can also be useful to enhance inferences.

While there is an increasing amount of attention given to the use of disease onset time as a basis for modeling within-family dependence, there remain challenging issues that warrant further attention. The primary challenge is in quantifying dependence in the presence of the competing risk of death \[[@CR12], [@CR26]\]. The classical illness--death process is a natural framework for modeling the occurrence of disease in individuals who are at risk, and generalization of this set-up to model within-family dependence is an area warranting attention. This issue is not unique to analyses based on disease onset times; when current status data are treated as binary data, the requirement that individuals are alive at the time of contact is ignored.
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